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ABSTRACT
An optical system has been designed, analyzed,
implemented, and calibrated which measures the phase
difference between two points of a propagating laser beam.
The system is a quadrature interferometer whose detector
outputs are processed by a computer.

This quadrature

interferometer measures both the phase and amplitude
variations between two points of a laser beam after the
beam passes through turbulence .

These measurements are in

turn processed by a computer to isolate the phase
variations from the amplitude variations.

Further

statistical analysis which can be performed on these phase
variations should provide an understanding of the phase
fluctuations of propagating laser beams through the
atmosphere.
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INTRODUCTION
As a laser beam travels through the atmosphere, it
undergoes random fluctuations in both its amplitude and
phase. 1

These random fluctuations are caused by variations

in the index of refraction of the air as the laser beam
travels through it. 2

The index of refraction of the air

can change due to fluctuations in wind speed, temperature,
or even atmospheric pressure.

This change in index results

in a pointing inaccuracy that increases with the distance
that the beam travels through the atmosphere.

The effects

of the atmosphere manifests itself as a breaking up of the
beam into random spatial zones that are displaced from the
desired beam destination area.

The statistical nature of

this displacement is important because it describes the
amount of light that can be collected by a real receiving
station.

A detailed understanding of these statistics

would enable a more cost effective communication system to
be built because there would be no need for "overkill''
laser power or ''overkill" detector sensitivity.

These

statistics may also be used to correct for the effects of
turbulence with adaptive optics.

An airborne telescope, for example, experiences the
majority of its distortion not from mechanical vibrations

2

or thermal stress but from the turbulent air that passes by
its aperture. 3

If the statistics of this turbulence were

known, it may be possible to subtract it out of the image
to minimize distortion.
As another example, a laser radar is ineffective if
the laser beam cannot accurately reach the target.

The

same is true for laser designators, laser communication to
missiles, directed energy laser weapons, or laser point to
point telecommunications.

An understanding of the statistical nature of the
phase and amplitude fluctuations is essential from a
systems point of view to determine detector threshold
levels, probability of detection (PD), and the signal to
noise ratio (SNR).

The predominant noise source for a

propagating laser beam through the atmosphere is the
variations in the refractive index of the atmosphere which
cause both amplitude and phase fluctuations.

In order to

measure these amplitude and phase fluctuations, they must
be separated from each other and individually detected.

By

far the more difficult task of the two is the phase
measurement.

One way to conduct a phase measurement of a

coherent source is through interferometry.

By sampling two

areas of a coherent beam and then combining them
additively, the phase difference between the two points is

3

converted into intensity variations in the form of an
interference pattern.

However, this interference pattern

is due not only to phase variations between the two points
but also amplitude variations.

One way to separate the

effects of amplitude and phase fluctuations is with a
quadrature interferometer.

Since the phase difference

fluctuations are random, the intensity variations of the
interference pattern formed by the quadrature
interferometer will also be random.

These random

variations can then be measured with optical detectors and
characterized by various statistical techniques.
The main goal of this thesis is to present empirical
results on the design, analysis, implementation and
calibration of a device for measuring phase difference
between two points in a propagating laser beam as it passes
through the atmosphere.

The experiment is conducted in a

laboratory environment where the atmosphere can be
simulated.

Previous Work
There have been many math models proposed and
measurements made of the intensity statistics 4 ,5 of a laser
beam as it propagates through extended turbulence but the
modeling of the phase statistics and its experimental
verification have proven to be much more elusive.

The

4

reason for this is that the phase statistics are typically
measured by converting them to intensity variations so they
can be detected by an optical detector.

The difficulty is

that amplitude variations cannot be distinguished from the
phase variations.
One recent attempt to theoretically model the phase
statistics of a laser beam propagating through the
atmosphere was made by D. Link.6, 7

Link developed a model

PDF of the statistical phase fluctuations of an optical
wave propagating through atmospheric turbulence.

He

proposed that the field of an optical wave is modeled as a
coherent sum of a constant-amplitude component and a random
phase and amplitude component in which the phase is assumed
to be uniformly distributed.
The assumption that the atmosphere can be modeled in a
laboratory is based on work by M.S. Belenkii. 8 Belenkii
described the optical qualities of the atmosphere as
"extended lenses with varying optical strength".

A valid

statistical sample would require that the laser beam travel
several kilometers through the open atmosphere before being
sampled for phase statistics.

However, it is more

desirable to conduct the experiments in a controlled
laboratory environment.

To shorten this laser beam travel

distance in this experiment, the focal length of these

5

"extended lenses" which model the atmosphere over long
distances is shortened.
phase screen.

This is done by means of a random

This random phase screen is generated by a

long but thin propane burner which generates a thin random
layer of hot and cold air.

This layer impresses a random

spatial phase fluctuations across the laser beam.

The

temperature gradients of the turbulent eddies produced by
this gas burner are much larger than those produced
normally in the open atmosphere, thus the index of
refraction changes will also be much larger.

Therefore,

these temperature gradients can be treated as randomly
occurring lenses with shorter focal lengths than those
normally found in the atmosphere.

The effect is that an

equivalent atmospheric distance of several kilometers can
be simulated with this random phase screen.
To illustrate this point, consider two atmospheric
lenses each with a focal length of 1000 meters and
separated by 100 kilometers.

(These distances are based on

the "weak" lens focal length estimates by Strohbehn) .9
two lenses can be approximately modeled as a single lens
with a focal length of merely 10 meters as shown in the
following: lO

fequ =

1000*1000

= 1000+1000-100000 ~-lO meters

The

6

Therefore, it is reasonable to assume that the weak
random phase fluctuations found over a great distance of
atmospheric travel can be simulated with strong random
phase fluctuations over the short distance in the thin hot
air of the random phase screen.
A. Weeks 11 did an extensive analysis of random phase
screens from both a statistical and experimental point of
view. He showed that the statistics for the intensity
fluctuations can be derived from a multiplicative process
using distributions derived from Gaussian statistics. The
phase difference statistics through a random phase screen
should correlate with the intensity fluctuation statistics
described in the Weeks' dissertation.
P. Burlamacchi et al. 1 measured phase fluctuations
through a turbulent layer by means of a grating
interferometer. The fringes created by this grating
interferometer were scanned across a photomultiplier tube
by means of a spinning mirror. Unfortunately, this rather
straightforward technique does not take into account the
effects of amplitude fluctuations which are independent of
phase.
A novel quadrature phase measurement was made by K.
Schatzel 12 in 1983.

His interferometer uses a double pass
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arrangement through the random phase media, whereas this
experiment uses only a single pass through the random phase
media.

The advantage of the single pass arrangement is

that it does not require the double pass reflector.
K. Schatzel and G. Parry 13 made an attempt to
characterize a random phase screen using Ranchi rulings.
The distorted wavefront is viewed through two low frequency
Ranchi rulings. A phase gradient d~/dx in the incident light
moves the shadow of one grating resulting in a shift of the
moire fringes. These fringe movements can be detected and
processed by a computer. One drawback of this technique is
that the measurement accuracy is highly dependent on the
accuracy of the gratings and the measurement between them.
S. A. Collins 14 described a theoretical effort to
explain several aspects of laser propagation including the
phase difference between two points.

His paper expands on

the work of Tatarski 4 by describing the phase difference
between two points of a propagating laser beam for the case
of both a plane wave and a spherical wave .

The resulting

equation for the plane wave case is summarized in the
following :
p<<(AL)l/2
p>>(AL)l/2

8

where:

Wos = phase difference measurement of the power
spectrum

c2
n
k

= structure constant
2n

A

(spatial frequency)

L

= range

V

= wind velocity

p

= separation of points under consideration

f

= a random variable

V

= wind velocity
= ✓ l+(l. 077v~
21tfLo)

Lo

= outer scale turbulence

In the quadrature interferometer, only turbulence across
plane waves will be considered. The structure function C~
is related to the focal lengths of the weak atmospheric
lenses in a report by Dewan. 1 5

EXPERIMENTAL APPROACH
The goal of this project is to design the measurement
equipment that determines the statistical relationship
between the phase difference between two points of a laser
beam as it travels through the atmosphere.
The heart of the equipment is a quadrature
interferometer. The nature of this interferometer is that
it can, coupled with a computer, measure the phase
difference between two points of an incoming wavefront and
isolate this measurement from amplitude fluctuations of the
wavefront after it passes through the atmosphere. The
atmosphere, in this experiment, can be simulated by the
phase screen generated by a butane gas burner.

The two

sample points on the wave front are designated by two iris
pupils.

These iris pupils are at the input of the

quadrature interferometer.

The four outputs of the

quadrature interferometer are taken from four photomultiplier tubes (PMTs). Each measures the disturbance that
the phase screen has on the interference pattern which is
aligned to the PMT detector surface.

The outputs of these

PMTs are amplified, filtered, digitized, and processed by a
computer. These outputs remove the effect of amplitude
fluctuations by forming a ratio. This ratio is proportional
9

10

to the isolated phase differential between the two points.
Software can then be used to perform various statistical
analysis of that phase differential.

This information will

help to gain a better understanding of atmospheric
turbulence and its effect on laser beams.

Experimental Layout
A block diagram of the entire experimental layout is
shown in Figure 1.

The laser source is a linearly

polarized 50 milliwatt Spectra-Physics helium-neon laser
(wavelength= 632.8 nanometers).

The output of the laser

is linearly polarized, and therefore the proper positioning
of a half waveplate is all that is required to orient the
linear polarization at 45° to the vertical axis.

A non-

polarizing beam splitter divides this 45° polarized beam
into two parts.
The straight through beam, which will be referred to
as the ''flame beam," goes through a laser collimator before
passing through the random phase screen (see Figure 2).
The random phase screen is generated by a butane gas burner
which produces a variable flame height with a width of
0.375 inches and a length of 12 inches. Information is
included about the flame beam path so that this path can be
compared to the calibration beam path. The flame beam path
was not used in the calibration procedure.
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Figure

2.

Random Phase Screen Generator .A
Thin Flame Line is Visible Just
Above the Burner. The Butane Tank
Provides a Regulated Fuel Supply.

13

The intensity of the phase screen, when used in future
experiments, can be adjusted by a gas regulator at the
input to the burner. Following the phase screen, the beam
propagates over a long path implemented by reflecting the
beam with a series of mirrors. The path length is
adjustable to any length up to 113 feet

(limited by the

optical table dimensions and the number of mirrors).
The reflected beam from the first non-polarizing beam
splitter will be referred to as the calibration beam.

The

calibration beam is combined with the "flame beam" at the
second beam splitter.

This calibration beam is then

boresighted to the flame beam so that they superimpose each
other by adjusting the angles of both the second beam
splitter and the mirror immediately before it in the
calibration beam path.

These two boresighted beams enter

the quadrature interferometer to be optically processed.
The four detector outputs from the quadrature
interferometer are first amplified to bring the signal
level up to that required by a digital sampler (5 volts).
The signals are then low pass filtered with a cut off
frequency of 15 kilohertz to eliminate the characteristic
PMT shot noise. Each channel is then sampled at 15
kilohertz by a digital sampling board connected to an IBM
XT computer. The data are then stored in memory on a 20
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megabyte hard disk drive for further processing.

The

resultant data displayed on the computer's monitor can be
output to a printer (Epson) or plotter (Hewlett-Packard).

Quadrature Interferometer Layout
The quadrature interferometer blocked out in Figure 1
is shown in detail in Figure 3.

This is the heart of the

experiment because it is within this interferometer that
the outputs are generated, which supply the computer with
the necessary information to differentiate the phase
deviations from the amplitude deviations of the laser beam.
A photograph of the interferometer is shown in Figure 4 and
a description of its layout follows.
The quadrature interferometer is located just after
the beam splitter which combines the calibration beam with
the flame beam.

These combined beams are first linearly

polarized at 45° to the vertical axis of the interferometer
with the dielectric coating in a polarizing beam splitter
cube.

Both beams were initially set to this same 45°

polarization with the half waveplate just after the laser.
However, since each beam travels a different path, one beam
is rotated slightly relative to the other beam. This may be
due to the slight polarizing effect of reflections off
multiple mirrors in the flame beam path.

The initial

polarizer at point A in Figure 3 assures that both the X
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and Y components have equal amplitudes as they enter the
interferometer.
The input beam is first split into two parts by beam
splitter BSl.

Each beam from this beam splitter then

passes through a pupil. The irises can be adjusted to have
pupils from one millimeter to one inch in diameter. They
are nominally set between one and two millimeters. Each
iris is on an x-y stage so that it can be superimposed on
the same area or slightly displaced areas of the original
input beam.

The pupils will be superimposed on the same

area of the input beam for calibration and slightly
displaced areas

(displaced by approximately 1 millimeter)

during the data collection.

The desired result of this

experiment is to calibrate the quadrature interferometer so
that it can measure the phase difference between the laser
beam areas encompassed by these iris apertures after the
beam passes through the phase screen.

A diagram showing

the superposition of the iris pupils at point F and point G
looking back towards point A is shown in Figure 5 .

Point F

and point G designate the beginning of the two " outer"
beams of the quadrature interferometer .
After the beam passes through the iris pupil at point
F, it passes through a quarter waveplate.

This transforms

Iris Pupil at PointG)
Phase= <I> (t)
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I
' ' ' ' ' ' ' ' 1,,,,,,,,,,,,,,,,,,,,

I
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(Phase = 0 (t))

Figure
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0 0of
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F" and Poin©
igure 2)
f---1

co

19

the input linear polarization of the beam to circular
polarization.
The beam is then split with the non-polarizing
(nominal) 50/50 beam splitter BS2.

The straight through

beam is reflected off of mirror M2 to another nonpolarizing nominal 50/50 beam splitter BS5.

Here it is

superimposed on a secondary beam to create a fringe pattern
and reflected towards the polarizing beam splitter PBS2.
The fringe pattern is adjusted for zero order.

PBS2

separates the "S" and "P" polarization components.
Microscope objective L4 images the fringe pattern of the
"P" component onto the pinhole on the front of the
photomultiplier detector D4 so that only a single point in
a single fringe overlaps the pinhole. Microscope objective
L3 images the fringe pattern of the "S" component from
mirror M4 onto the pinhole in front of the photomultiplier
detector D3 so that only a single point on a single fringe
overlaps the pinhole.
The reflected beam from the non-polarizing 50/50 beam
splitter BSl passes through an iris pupil to point G.

This

beam is then split into two parts by the non-polarizing
50/50 beam splitter BS3.

The straight through beam is

reflected from a mirror Ml to another non-polarizing 50/50
beam splitter BS4.

Here the beam is superimposed on a
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secondary beam forming a fringe pattern. Both of these
beams are then split into their orthogonal components by
the polarizing beam splitter PBSl.

The "P" component

fringe pattern transmits straight through to be imaged by
microscope objective L2 onto the pinhole on the front
photomultiplier detector D2.

The "S" polarization

component of the fringe pattern reflects off of PBSl to be
reflected by mirror M3 through microscope objective Ll onto
the pinhole on the front of photomultiplier detector Dl.
In the case of both the "S" and "P" components, only a
single point on a single fringe is superimposed over the
pinholes.
The secondary beams described in the previous two
paragraphs represent the "inner" beams of the quadrature
interferometer.

Each outer beam is split off and then

superimposed on the other by means of two inner beam paths.
BS3 splits off one outer beam and then recombines it with
the other outer beam at BS5 .

BS2 splits off the other

outer beam and then recombines it with the first outer beam
at BS4.

The important difference between these two

separation-recombinations is that a quarter waveplate is
placed just before BS2 but not before BS3.

This quarter

waveplate transforms the linear polarization to circular in
one outer beam before it is split by BS2 to be recombined
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with the other outer beam.

The purpose of this quarter

waveplate is to convert the linear polarization to circular
polarization. The j component of the wave must be retarded
by 90° relative to the i component.

This modifies the

mathematics of the beam such that the intensity fade due to
phase difference can be differentiated from intensity fade
due to amplitude differences . This will be shown more
clearly in the Mathematical Theory section.

MATHEMATICAL THEORY

The mathematical theory behind this quadrature
interferometry is partitioned into three sections.

The

first of these is an overview of the ideal theoretical
mathematics.

This concise overview gives a clear

understanding of the operation of the interferometer
without being cluttered with non-ideal terms.

The second

section details the applied theory using real components.
Because the performance of the real components deviates
substantially from their theoretically ideal performance, a
third section has been included which describes the
incorporation of special polarization selective attenuators
which compensate for the non-ideal real components.

It is

this last compensated applied theory section which provides
the final mathematics which are used in the signal
processing to isolate the phase difference.

Ideal Theoretical Mathematics
A simplified version of Figure 3 is shown

schematically in Figure 6.

Figure 6 gives a clearer

picture of the symmetry involved in this quadrature
interferometer.

22
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Since the input beam to the interferometer is
polarized at 45°, the input wave at point A can be
described by:

(Note that throughout the following equations, the bold i
will represent the x unit vector corresponding to "P"
polarization and the bold j will represent they unit
vector corresponding to "S" polarization.)
The first beam splitter of the interferometer divides
this initial beam into two beams, each of which go through
an iris pupil. If each iris aperture is looking at a
different area of the input wave (see Figure 5), the
assumption is the phase difference and amplitude between
these two areas may be non-zero.

It is also assumed that

the phase across each pupil is uniform because the pupil
area is so small (~1 millimeter). The phase of the area
encompassed by the pinhole just before point F will be
referred to as ~(t) while the phase of the area encompassed
by the pinhole just before point G will be referred to as
0(t).

Therefore, the ideal equations describing the output

beams from the iris pinhole pupils can be written as:
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EF = Acos(rot+0)i + Acos(wt+~)j

(2)

and

EG = Bcos(wt+0)i + Bcos(Wt+0)j

(3)

The above two equations, as with the rest of the equations
in this ideal theoretical mathematical section, do not take
into account the uneven polarization split of the nonpolarizing 50/50 beam splitter.

This irregularity will be

covered in the following two sections on applied theory.
Equation 2

(point F) gets modified by the quarter

waveplate which retards the j axis by 1/4 wave or n/2.

The

resultant circularly polarized beam is then split by BS2
yielding:

Ee= Acos(wt+~)i - Asin(wt+~)j

(4)

and

E0 = Acos(rot+~)i -

Asin(wt+~)j

(5)
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Note the 90 degree phase shift of the j terms from
cos(rot+$) to -sin(rot+$) is caused by the quarter waveplate.
This stems from the identity:

cos(9O+a) = -sina

Equation 3 (point G) is equally split by beam splitter
BS3 yielding:

EB= Bcos(rot+S)i + Bcos(rot+0)j

( 6)

and

EE= Bcos(rot+$)i + Bcos(rot+$)j

(7)

Equation 4 is combined with equation 6 by beam splitter BS4
yielding the addition of the two beams at point J.

= Acos(rot+~)i - Asin(rot+$)j + Bcos(rot+S)i + Bcos(rot+0)j

= [Bcos(rot+$)+Acos(rot+0)Ji + [Bcos(rot+0)-Asin(rot+~)]j

( 8)
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Similarly, equation 5 is combined with equation 7 by beam
splitter BS5 yielding the addition of the beams at point H:

=Acos(rot+¢)i - Asin(rot+¢)j + Bcos(rot+S)i + Bcos(rot+S)j

=[Acos(rot+¢)+Bcos(rot+S)]i + [Bcos(rot+8)-Asin(rot+¢)]j
( 9)

The beam described by equation 8 at point J is split into
its orthogonal polarization components by the polarizing
beam splitter PBSl.

The "S" component is imaged onto the

photomultiplier tube Dl while the "P" component is imaged
onto the photomultiplier tube D2.

The resultant equations

on these detectors are:

ED1 = Bcos(rot+S)

- Asin(rot+¢)

( 10)

+ Acos(rot+¢)

( 11)

and

ED2 = Bcos(rot+S)
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Similarly, the beam described by equation 9 at point His
split into its orthogonal polarization components by the
polarizing beam splitter PBS2.

The "S" component is imaged

onto the photomultiplier tube D3 while the "P" component is
imaged onto the photomultiplier tube D2.

The resultant

equations on these detectors are:

ED3

= Bcos(rot+0) - Asin(rot+~)

(12)

and

Eo4

= Acos(rot+~) + Bcos(rot+S)

(13)

So far, all of the equations have dealt with the light in
terms of its electric field E.

However, photomultipliers

are square law detectors and thus are only sensitive to the
square of the electric field which is the intensity.

The

simplified intensity for each detector is calculated in the
following:

The intensity seen on detector Dl is:

Io1

= (Eo1) 2

( 14)
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=[Bcos(rot+0)-Asin(rot+$) ]2

( 15)

=B 2cos 2 (rot+0) - 2ABcos(rot+0)sin(rot+$) + A2sin2(rot+$)
( 16)
Using the trigonometric identity:

cosasinP = ~sin (a+P) - ½sin (a-P)

( 1 7)

expands equation 16 to:
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= B2 cos 2 (rot+0)
-2AB[½sin(rot+0+rot+$)-½sin(rot+0-rot-$)]+A2sin 2 (rot+$)
( 18)

= B2cos 2 (rot +0)
-AB[sin(0+2rot+$)-sin(0-$)] + A2sin 2 (rot+$)

( 19)

This can be expanded still further with the trigonometric
identities:

(2 0)

cos2a = ; ( 1 +cos2a)

(21)
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yielding:
1
Io1 = B22 (1+cos(2(wt+0))) - AB[sin(0+2wt+<j>)-sin(0-<j>)]
1

+ A2 2 (1-cos (2wt+<j>)))
B2

(22)

B2

= 2 + ros(2Wt+20) - AB[sin(8+2wt+<j>)-sin(8-<j>)]
+

A2

2 -

A

~os(2wt+2<)>)

(23)

Since the photomultiplier tube and electronics cannot
respond to the optical frequency, let alone twice the
optical frequency, the terms containing wt and 2wt
disappear resulting in the following equation:
B2
Io1 = -2 - AB (-sin (8-<j>)) +

(24)

Using the identity:

sin(-a) = -sina

(25)

and rearranging the equation results in:
B2+A2

2

- ABsin (<j>-8)

(26)
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The first term describes the amplitude of the intensity
while the second term describes the phase of the intensity.
The above logic can be applied to each of the detectors.

The intensity seen on detector D2 is:

(27)

= [Bcos(rot+S) + Acos(wt+$)] 2

( 2 8)

(2 9)

Using the trigonometric identity:

( 30)

yields:

ID2

= B2cos2

(rot+S)

+2AB[½cos(mt+0-(mt+$))+½cos(mt+0+wt+$)] +
A2 cos 2 (mt+$)
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= B2cos 2 (cot+0)
+ AB[cos(0+2cot+$)+cos(0-$)] + A2sin2(cot+$)

(31)

This can be expanded still further with the identity of
equation 21 yielding:
1
Io2 = B22 (l+cos(2(rot+0))) - AB[sin(0+2cot+$)-sin(0-$)
1

+ A2 (1-cos (2rot+$)))

2

=

B2
B2
+ r o s (2rot+20) - AB [sin (0+2rot+$) -sin (0-$)]
2
2

2A

+

-

A

ros(2cot+2~)

(32)

Once again the rot terms are eliminated:

Io2 =

B2

2

+ AB[cos(0-~)] +

A2

2

( 33)

Using the identity:

(34)

cos(-a) = cosa

and rearranging the equation results in:

Io2 =

B2+A2
+ ABcos
2

(~-0)

(35)
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The intensity seen on detector D3:

The intensity on detector D3 follows the exact same
format as the intensity on detector Dl.

By substituting in

Eo3 for Eo1 in equation 14, the resultant intensity on D3
becomes:

Io3 =

B2+A2

2

- ABsin(~-0)

(36)

The intensity seen on detector D4:

The intensity on detector D4 follows the exact same
format as the intensity on detector D2.

By substituting in

E0 4 for Eo2 in equation 27, the resultant intensity on D3
becomes:

Io4

=

B2+A2

2

+ ABcos

( 37)

(~-0)

In order to isolate the phase term by itself, a 180 degree
phase shift relative to I 0 3 and Io4 must be introduced in
Io1 and Io2 (Equation 26 and 35).

This can be accomplished

by slightly changing the path length of at least one of the
two beams that split at BSl and combine at BS5

(see Figure

3). In order IlQt. to introduce a phase change in Io3 and Io4,
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the only components which can move are either Ml or BS4. Ml
is mounted on a precision micrometer that is driven by a
piezoelectric translator for this purpose. The
piezoelectric translator moves 0.3 microns per 100 volts.
During the initial alignment, detectors Dl and D2 both see
bright fringes. After mirror Ml is moved the appropriate
distance corresponding to 180°, both Dl and D2 see a dark
fringe. With the new 180° phase shift introduced in Io1 and
Io2 and taking advantage of the identities:

= -sina

( 38)

cos(a+n) = -cosa

(39)

sin(a+n)

The final equations from the four detectors become:

Io1

=

B2+A2
+ ABsin (q>-0)
2

( 4 0)
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=

B2+A2
- ABcos (q>-0)
2

( 41)

Io3

=

B2+A2
- ABsin (q>-0)
2

( 42)

Io4

=

B2+A2
+ ABcos (q>-0)
2

( 43)
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Isolating the Phase Term
The intensities described in equations 40-43
represent electronic signals from the photomultiplier
tubes.

These signals are amplified through four separate

preamplifiers and digitally sampled before entering the
computer.

The electronic signal processing is summarized

in the block diagram of Figure 5.
These electronic signals can be processed to isolate
the phase differential term.

This processing is summarized

by the following three steps followed by a detailed
analysis.

a.

Eliminate the DC terms by taking the appropriate
ratios.

b.

Simplify the remaining phase terms:

tan (<)>-0) = (sin (<)>-0)
cos (<)>-0)

c.

J

( 44)

Isolate the phase differential term by taking the
inverse tangent:
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= tan-l(sin($-0))

( 45)

cos ($-0)

The theoretical elimination of the amplitude terms
proceeds as follows:

Let:
X

=

Io4 -

( 4 6)

Io2

)
= B2+A2 + ABcos($-0) - (B2+A2
- ABcos($-0)
2
2

x = 2ABcos ($-0)

( 4 7)

( 4 8)

Let:
Y

=

=

Y

Io1 -

( 4 9)

Io3

B2+A2 + ABsin ($-0) - (B2+A2 - ABsin ($-0) )
2
2

= 2ABsin ($-0)

Let

RATIO=

y

(50)

(51)

(52)

X

2ABsin ($-0)
2ABcos ($-0)

(53)
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RATIO= tan (~-8)

(54)

The phase difference is then isolated by taking the inverse
tangent of RATIO

(~-8)

= tan- 1 (RATIO)

(55)

The computer now samples this phase difference at
predetermined intervals of 15 kilohertz per channel. In
order to get accurate statistics, at least 10,000 data
points should be sampled.
This concludes the ideal theoretical mathematics.
Conceptually, it appears very straightforward.

However,

the implementation of this quadrature interferometer is
plagued with a number of practical problems related
primarily to the unavailability of ideal beam splitters.
The following section addresses the practical problems
of implementation, how they affect the mathematics, and how
they can be compensated for.

Perturbations in the Ideal Theory Due to Physical
Limitations
The most significant problem in implementing the
quadrature interferometer is compensating for the non-ideal
non-polarizing 50/50 beam splitters.

The fact is that all

38

beam splitters, by the very nature of splitting a single
beam into two parts, modify the polarization.

Polarization

is extremely important in the operation of the quadrature
interferometer and ideally the non-polarizing 50/50 beam
splitters should do just that:

split both the X and Y

polarization components equally in each direction with
equal intensity.

The fact is they do not.

The beam splitters used in this layout split the "S"
polarization equally in both directions but not the."P"
polarization.

In the case of "P" polarization, 30% is

reflected and 70% is transmitted.

This means the

compensating polarization selective attenuators must be
used to equalize the "P" polarization components.

To see

exactly how much attenuation is required of which
components in each leg of the interferometer, the equations
will again be reviewed but this time with the actual
polarization attenuation factors.

All the attenuation

factors have been measured with a linear polarizer in front
of a photodetector (United Detector Technology model 350
linear/log optometer).
Starting just after the first beam splitter, BSl, the
equations are:
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= (0.7)Acos(rot+$)i + (0.5)Acos(rot+$)j

(56)

EG = (0.3)Bcos(rot+S)i + (O.5)Bcos(rot+S)j

(57)

EF

The algebra involved with carrying the above two equations
through the entire optical system is detailed in Appendix A
by equations A-56 to A-79.

For the sake of brevity, only

the resultant description of the intensity on each detector
will be shown here.

When the above four equations (80 through 83) are applied
to equations 46 and 49, the following results:

X

=
( 84)
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(85)

Unfortunately, the DC terms (in boxes) did not disappear
after subtraction in 84 and 85.

Consequently, the set up

in Figure 3 must be modified with special polarization
selective attenuators.

The criteria for these attenuators

is that they cause the following relationships to be true
in the DC terms of the intensities from the four detectors:

A2 01 coefficient= A20 3 coefficient

( 8 6)

B20 1 coefficient= B20 3 coefficient

( 8 7)

A20 2 coefficient= A20 4 coefficient

( 8 8)

B20 2 coefficient= B20 4 coefficient

( 8 9)

Techni(l]Je for ,Approaching Ideal Theory
This final section of mathematical analysis takes the
non-ideal characteristics of the applied theory and
describes a technique to compensate for these non-ideal
characteristics to make them approach the ideal theory.
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Equating Coefficients
The coefficient equivalency requirements stated in
equations 86 to 89 can be met with simple plates of glass
positioned near Brewster's angle at the appropriate places
in the quadrature interferometer. Each of these equations
will be examined in turn:

satisfying Equation 86
The first step in satisfying equation 86 is obtaining
the A 2 01 coefficients equal to the A 2 0 3 coefficients (in the
DC terms only).

Without the special attenuators:

A 2 01 coefficient= 5.123x10-3

(90)

coefficient= 4.141x10- 3

(91)

A 20 3

This indicates that the A2 0 1 coefficient must be reduced by
19% to make it equal to A2 0 3.

This is best accomplished by

attenuating the "S" or j vector component of the electric
field at point C in Figure 3.

To determine how much it

should be attenuated, one must work the equations backwards
to point C from the detector D1. Since the desired A2 01
coefficient is 4.lxlo-3 (the A2 0 3 coefficient), this can be
inserted in a "working backwards" equation for A2 01 to see
what that number should be at
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point C.

(2 (4. lxio-3))
(0.9) (0.5)

1/2

= 0.201

(92)

This means the j vector A coefficient at point c (whose
absolute value is 0.225) should be attenuated by 10% to be
the proper amplitude at Dl.

satisfying Equation 87
The coefficients for equation 87 are:

B20 1 coefficient= 5.lxio-3

(93)

B20 3 coefficient= 6.3x10-3

(94)

This indicates that the B2 03 coefficient must be decreased
by 19% to make it equal to the B20 1 coefficient.

This is

best accomplished by attenuating the "S" or j vector
component of the electric field at point E in Figure 3.

To

determine how much it should be attenuated, the equations
must be worked backwards this time from D3 to point E.
Since the desired coefficient is 5.lxio- 3 (the B201
coefficient), this can be inserted in a "working backwards"
equation for B2 0 3 to see what the number should be at
point F.
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(2 (5. lxlo-3)) 1 /2
= 0.22
(0.9) (0.5)

(95)

The (0.9) and (0.5) come from M4 and BS5.

The result means

the j vector B coefficient at point E (which is 0.25)
should be attenuated by 10% to give the proper amplitude of
the B 203 coefficient of I 0 3.

Satisfying Ecwation 88
The coefficients for equation 88 are:

A 2 02

coefficient= 1.6 x 10-3

( 96)

x 10-3

(97)

A 2 0 4 coefficient= 7.1

This indicates that the A2 0 4 coefficient must be decreased
by 77% to make it equal to A20 2.

This is best accomplished

by attenuating the "P" or i vector component of the
electric field at point D of Figure 3.

To determine how

much it should be attenuated, one must work the equations
backwards to point D from detector D4.

Since the desired

A2 04 coefficient is l.6x10- 3 (the A2 0 2 coefficient), this
can be inserted in a "working backwards" equation for A2 o4
to determine the attenuation at point D.
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(2 (1. 6x10-3))

1/2

( 0 • 3)

= 0.189

(98)

This means the i vector A coefficient at point D (which is
0.3969) should be attenuated by 52% (1-(0.189/0.3969)) to
be the proper amplitude at D4.

satisfying Equation 89
The coefficients for equation 89 are:

B2 D2 coefficient= 8.7x10-3

( 99)

B2D4 coefficient= 1.9845xlo-3

( 100)

This indicates that the B2D2 coefficient must be decreased
by 77% to make it equal to the B2D4 coefficient.

This would

best be accomplished by attenuating the "P" or i vector
component of the electric field at point B of Figure 3.
To determine how much it should be attenuated, the
equations describing the intensity at D4 must be worked
backwards to point E.

Since the desired B2D4 coefficient is

2.0xlo-3 (the B2D 4 coefficient), this can be inserted in a
"working backwards" equation for B2D2 to determine the
attenuation at point B.
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(2 (2. 0xl0-3)) 1/2
(0.7)

(The (0.7)

= 0.09

is due to the beam splitter BS4).

( 101)

This means

the i vector B coefficient at point B (which is 0.189)
should be attenuated by 52% (1-(0.09/0.189) to be the
proper amplitude at D2.
Polarization Selective Attenuators
The equating of coefficients in section 5.3.1 can be
accomplished by using polarization selective attenuators.
These consist of nothing more than plates of glass
positioned near Brewster's angle 1 0 such that the parallel
polarization component passes unaffected while the
perpendicular polarization component gets attenuated.

By

choosing the correct number of plates at the proper angle
positioned at the appropriate points in Figure 3, all the
coefficients of equations 86 to 89 can be equated properly.
After the resulting polarization selective attenuators
are inserted and then phase shift is added to Dl and D2
(this changes the sign of the phase term), the equations
for Iol-D4 become:

= 4.lxl0-3A2 + 5.lxl0- 3B2 + 9.2xl0- 3ABcos($-0)

(102)

Io1 = 1.6xl0-3A2 + 2.0xl0- 3B2 - 3.6xl0- 3ABcos($-0)

(103)

Io1
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9.2xl0-3ABcos(~-8)

(104)
( 105)

When these equations are substituted into equation 52, the
result is:

RATIO=

(<j>-8)

y

X

=

1. 84xl0- 2 ABsin (~-8)
7. 2xl o-3ABcos (~-8)

= tan- 1 (0.4(RATIO))

( 106)

(107)

The 0.4 is a proportionality constant due to the non-ideal
components.

The error associated with this proportionality

constant is dependent on how accurately the various
polarization intensities can be measured.

SIGNAL PROCESSING

Electronics
The electronic signal processing is blocked out in
Figure 7.

The output of each detector is first amplified

by a transimpedance amplifier.

A schematic of this

transimpedance amplifier is shown in Figure 8.

It consists

of a low noise operational amplifier with a high/low
selectible gain adjustment via two feedback resistors.
After amplification, the signals must then be filtered wlth
lowpass filters to eliminate the high frequency shot noise
which is associated with photo-multiplier tubes
2khz).

(fcutoff

=

These signals are then digitized by a A/D converter

(15kz/channel) which feeds into the RAM memory of the
computer.

This raw data can now be processed by software.
Software

A block diagram of the software signal processing is
shown in Figure 9.

The program DATAAQ creates a data file

from the raw input voltages and controls the data
acquisition board.

Once the raw data have been saved, they

are ready to be processed by the program ANALYZE.
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ANALYZE is the program which actually isolates the
phase difference between the designated two points in the
propagated laser beam.

A photograph of the data

acquisition unit is shown in Figure 10.

Once this phase

difference has been isolated, ANALYZE can calculate various
statistics of that phase difference.
The final program used is LOTUS (by Microsoft, Inc.)
to graph.

ANALYZE generates an ASCII file which is then

imported into LOTUS 123 from which the data can be plotted
using PGRAPH.
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Figure

10.

Photograph of the Data Acquisition
Equipment. The A/D Board is Mounted
on the Left Side of the Computer and
Two of the Four Active Filters are
Shown in the Background.

ALIGNMENT
The following is a complete alignment procedure.
Reference Figures 1 and 3 for the following steps.
1.

Position all components in approximate positions.

2.

Insert appropriate sized pinholes in both spatial
filters #1 and #2 and adjust collimator #1 and #2 for
a collimated output beam.

3.

Center the collimated beam on each of the mirrors in
the long propagation path.

4.

Combine both the collimated flame beam and calibration
beam at BS6 such that they are centered on BS6.

They

will be boresighted later.
5.

The outputs of PBS3 are linearly polarized in the
vertical direction.

For maximum throughput into the

interferometer, they must be rotated to 45°.

Place a

half waveplate at the calibration beam output of PBS3
and rotate until maximum output is obtained after the
polarizing cube.
6.

Place a half waveplate at the flame beam output of
PBS3.

Rotate this waveplate until maximum output is
53
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obtained after the polarizing cube.

Linear 45°

polarization is now entering the interferometer · from
both the calibration beam and the flame beam.

Calibration Beam/Flame Beam Boresight Procedure
7.

Tape a 1 millimeter diameter aperture over both
collimators that can be flipped up when calibration is
complete.

8.

Tape another pair of 1 millimeter apertures on a
cardboard support in front of BS6.

These must also be

capable of being flipped out of place when calibration
is complete .
9.

With the apertures over the collimators, align the
beams so that they are centered on BS6 and the
polarizing cube following BS6.

10.

Install the second set of apertures in place such that
they pass the beam from the collimator apertures .
This second set of apertures will be used to hasten
alignment should any components accidentally get
misaligned.

11.

Superimpose the 1 millimeter diameter beams from both
collimators onto the 50/50 reflecting surface of BS6.
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12.

Adjust BS6 so that the two reflecting beams are
superimposed onto each other.

They will also be

centered on the polarizing cube.
The calibration beam and flame beam are now boresighted to
each other.

Quadrature Interferometer Alignment
13.

Align BSl and BS3 so that it reflects onto PBS2.

14.

Position Ml so that it centers on PBSl .

15.

Adjust M2 so that the reflected beam superimposes on
the beam from BS3 on the 50/50 beam splitter surface

of

BS5.

16.

Adjust BS5 so that the transmitted reflected beams
superimpose on each other centered on PBS2 .

17.

Adjust BS2 so that the reflected beam is superimposed
on the beam from Ml on the 50/50 beam splitter surface
of BS4.

18.

Adjust BS4 so that the transmitted and reflected beams
superimpose on each other at PBSl .

19.

Adjust M4 so that the reflected beam is focused by Ll
onto D1.

56

20.

Adjust M3 so that the reflected beam is focused by L3
onto D3.

21.

Position L4 so that the transmitted beam from PBS2
focuses onto D4.

22.

Position L2 so that the transmitted beam from PBSl
focuses onto D2.

23.

Note that pinholes (10 microns diameter) have been
placed over Dl-D4 to prevent saturation or damage to
the PMTs and they allow only small portions of the
imaged fringe pattern to pass.

24.

Adjust BS5 and BS4 so that both PBSl and PBS2 are
splitting a zero order fringe pattern.
The quadrature interferometer is now aligned.
Alignment of Iris Pupils for Amplitude "A" and "B"

25.

Look into the side of BSl.
visible.

Both iris pupils will be

Move them until they are centered and

superimposed onto each other for calibration -separated slighted for taking measurement data.

CALIBRATION
Calibration falls into two parts.

The first part is

the installation of the polarization selective beam
splitters.

The second involves setting the phase

relationship between D1-D4.

Installation of Polarization Selective Attenuators
The polarization selective attenuators consist of
small plates of flat glass.

Microscope slides, which are

flat to a quarter of a wave can be used; however, it was
found that a much flatter glass is more desirable.

Up to

three slides are put in each leg of the quadrature
interferometer tilted near Brewster's angle to
significantly decrease one polarization while having a
negligible effect on the other polarization.

A summary of

the vector components to be attenuated, their location in
the interferometer, the attenuation factors, how many
plates are required, and their angle is shown in Table 1.
These plates are required to get the amplitude part of the
phase difference to cancel out for calculating the phase
difference between two points.
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SUMMARY

TO

OF

TABLE
1
ATTENUATION

FACTORS

EQUATION
LEG
VECTOR
COEFFICIENT
LOCATION
COMPONENT
A OR B
OF ATTENUATOR
BE ATTENUATED

ATTEN.
FACTOR

NUMBER OF PLATES
REQU.
AND APPROX.
ANGLE OF EACH PLATE

J

(VERTICAL)

A

C

1 0 %

1

@

47'

J

(VERTICAL)

B

E

1 0 %

1

@

47°

I

(HORIZONTAL)

A

D

5 2 %

2

@

B

B

52%

2

@

I

(HORIZONTAL)

61° ;
61°;

1
1

@
@

50°
50°

<.n
0)
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Phase Relationship Between Detectors
A fixed phase relationship exists between each of the
four detectors because of the quarter waveplate in one of
the quadrature interferometer paths and because of the
required n phase shift of two of the detectors.

These

phase shifts are required in order to encode into the
interference pattern information which can be used to
isolate the phase difference terms from the amplitude
difference terms.

A consequence of these phase shifts is

that each detector is not seeing the exact same point on
the interference pattern that is imaged onto them.
Therefore, the detectors must be mechanically compensated
to establish the proper phase relationship between them.
The proper phase relationship is 90° and is summarized in
Figure 3.

If detector Dl is observing a reference point on

the interference pattern, then D2 must observe a point 90°
away from that reference point, D3 must observe a point
180° from that reference point, and D4 must observe a point
270° from that reference point.

This calibrated phase

difference between detectors can be accomplished by
introducing a periodic mechanical movement of the path
length in one leg of each of the beam pairs which
interfere.

By sinusoidally varying these path lengths at a

fixed calibrated frequency, the sinusoidal output voltage
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of the detectors can be observed as the fringe pattern
moves across them.

When these output signals are observed

on a four channel oscilloscope, the phase relationship of
each channel can be adjusted relative to the phase
relationship of each of the other channels.

This is done

by mechanically adjusting the detectors so that they
observe different parts of the time varying fringe pattern.
One convenient way to move the path lengths is by
changing the voltage on a piezoelectric crystal driver
which in turn drives a linear translation stage.

This

technique has been found to work exceptionally well.

The

piezoelectric crystals require -100 to +1000 VDC and move
0.3 microns per 100 volts DC.

A variac coupled to a high

voltage transformer in series with a high voltage DC power
supply is used to drive the crystal.

The arrangement is

shown schematically in Figure 11.
The variac plugs into a standard 120 VAC wall socket
to provide a variable output voltage to the high voltage
transformer primary.
by about 5:1.

The transformer steps up the voltage

Since the crystals cannot be operated with

more than -100 volts, a high voltage DC bias power supply
is added.
crystal.

The 60 Hertz wall socket frequency drives the

120 VAC/560 VAC Transformer
(General Electric TF4RX021A)
Variac
0-120 VAC
Adjust

to

50-150

VAC

White
Wires

120 VAC
Source
1000 VAC
Power Supply

Adjust

Figure 11.

to

200VAC

Black
Wires

Piezoelectric Crystal Drivers
Installed on Linear Translation
Stages to Move Ml and M2 of
Figure 3

Calibration Circuit. This Circuit Provides a
Variable Amplitude 60 Hertz Sinusoidal Voltage
to the Piezoelectric Crystals Which is offset
by 200VDC.
O'\

I--'
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When the PMT outputs are observed on a scope through a
preamplifier, the best sinusoidal voltage is obtained with
the variac adjusted to provide 50-150 VAC on the secondary
(0.17-0.45 microns of movement) and a bias voltage of 200
VDC.

Note it is important that the secondary output

voltage never exceed the bias voltage by more than 100
voltages or the crystal could be damaged.
The mathematical model which describes how a
sinusoidal driving voltage on the piezoelectric crystal
changes the cosinusoidal intensity variations of the fringe
pattern on the detector is:

Io= A+ Acos

L0 *2nsin(2nft)
(

A

)
+ 0

(108)

where:
A

is a constant light intensity value (modeled as 1).

L0 is the distance that the piezoelectric crystal
causes the path length to change (modeled as A/3)

A

is the laser wavelength (632.8 nanometers).

f

is the frequency of the modulating voltage
(60 hertz)

0

is the amount of phase shift introduced into the
system (0, 90, 180, or 270 degrees)
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Using this model, the curves in Figure 12 and 13 were
generated.
The following is a complete calibration procedure
which uses the calibration circuit of Figure 11.

Calibration Procedure
1.

Observe the sinusoidal output of Dl on an oscilloscope
(preferably a four channel scope) while the crystals
on mirror Ml and M2 are being driven by the sinusoidal
power supply of Figure 11 (bias= 200VDC; driving
voltage= 150VAC).

2.

When the signal has been optimized for maximum energy
on Dl, adjust the linear translation stage on which Dl
is mounted horizontally so that a perfect 60 hertz
signal is visible on the scope. It may also be
necessary to adjust the microscope objective in front
of Dl to optimize this signal.

Since the

piezoelectric crystal is driven by a 60 hertz signal,
the path lengths of all four interferometers are
changing at a 60 hertz rate.

This causes the fringe

pattern to also change at a 60 hertz rate.

When the

intensity seen by the detector is in the linear part
of the sinusoidal curve (i.e. straddling a fringe)
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then a sinusoidal voltage will appear at the detector
output.
3.

Adjust the microscope objective horizontally or the
linear translation stage on which Dl is mounted so
that a perturbation starts to appear in the top of the
sine wave which is similar to Figure 13b (theta= 45°>
and continue the movement until a 120 hertz sine wave
similar to Figure 12a is visible.

Note that this

signal is twice the frequency of the original sine
wave, half the amplitude, and that it has a D.C. value
which centers in the upper half of the original sine
wave.
What has happened physically is that the
sinusoidal movement caused by the piezoelectric
crystal is now centered about a bright fringe - the
peak crest of the original sine wave.

During a full

cycle of the crystal, the apparent changes from dark
to light as seen by the detector are now twice as fast
so the result is a frequency doubling.

The positive

bias is because the detector never completely sees a
dark fringe because it is centered about a bright
fringe.

This signal corresponds to a 0° phase delay

and is the calibration signal required for channel #1.
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4.

Adjust either the microscope objective horizontally or
the linear translation stage on which D2 is mounted so
that a perfect 60 hertz sine wave is visible similar
to Figure 12b. This signal corresponds to a 90° phase
shift and is the signal required for channel #2.

5.

Adjust the corresponding translation stages of
detector D3 for a perfect 60 hertz sine wave as in
step 2.

6.

Adjust either the microscope objective horizontally or
the linear translation stage on which D3 is mounted so
that the sine wave starts to show perturbation at the
bottom similar to those in Figure 13a.

Continue the

movement until a signal is obtained which is similar
to Figure 12c.

This wave will be 90°

shifted from

the signal on detector D2 and centered in the lower
half of the original sine wave.
What has happened physically is the detector
pinhole is now centered about a dark fringe so that a
bright fringe never completely crosses the pinhole but
dark to light variations happen twice as fast.

That

is why the signal is centered in the lower half of the
original sine wave and is twice the frequency.

This
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signal corresponds to a 180° phase change and is the
calibration signal required for channel #3.
7.

Adjust the corresponding translation stages of
detector D4 for a perfect 60 hertz sine wave as in
step 2.

The signal should be similar to the signal in

Figure 12d and 90° shifted from the signal on D3.
This signal represents a 270° phase change and is the
calibration signal required for channel #4.
The quadrature interferometer is now calibrated so
that each channel observes fringes which are sequentially
shifted 90° from every other channel.

Calibration Data Collection
Figure 14a-d shows the results of going through the
above calibration procedure.

The results compare very

favorably with the theoretical predicted values of Figure
12a-d.

Figure 14a and 14c show signals which are half the

amplitude and twice the frequency of Figures 14b and 14d.
Figure 14a also has a higher average DC value (not shown)
and is 90° out of phase from the signal in 14c.

Figure 14b

and 14d are 90° out of phase from each other and represent
the maximum signal amplitude.

All of this is in very good

agreement with the theoretical data of Figure 12a-d.

A

C

B

Figure
D

14.

Empirical

Calibration

A:Channel
B:Channel
C: Channel
D:Channel

1

Phase
2 Phase
3 Phase
4 Phase

Curves.

Angle=O 0 0
Angle=90
Angle=180 0
Angle=270 0
m
ID
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Note the slight amplitude nonuniformity shown in Figure
14a.

The theoretical model indicates that this corresponds

to only a 5° phase shift error.

An aggravating problem that was discovered during the
calibration procedure was drifting.

The calibration was

found to drift or slowly oscillate about a point over the
course of minutes and for some channels over a matter of
seconds.

This may be due to turbulence within the

interferometer and may be solved by enclosing the
interferometer and adjusting the calibration micrometers by
driving them with externally voltage controlled
piezoelectric crystals.
Raw digitized data from the flame beam is shown in
Figure 15.

Note that this data is always positive and

appears to be fairly random in nature.
The frequency spectrum for "weak" turbulence is
typically 10 to 100 hertz while "strong" turbulence
typically shows frequency fluctuations between 100 and 1000
hertz.16 The measured fluctuation frequency spectrum shown
in Figure 16 shows a predominance of "weak" turbulence
hertz) in the calibration beam.

(The other major peaks

represent harmonics of 60 hertz from room lights).
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FUTURE WORK
The experiment described in this thesis is designed to
measure the statistical phase fluctuations between two
points in a laser beam propagating through the atmosphere.
Future work should involve actually making the statistical
measurements which use this device.
The same quadrature interferometer used in this
experiment can also be used to measure the statistical
phase fluctuations of a laser beam traveling through a long
distance of fiber optic cable.

Fiber optic cable has

variations in its index of refraction along its length due
to manufacturing inconsistencies in the material,
variations in pressure along the material, and temperature
gradients.

How do these phase fluctuations vary with

different lengths of fiber optic cable and can they be
compensated for?
This quadrature interferometer can also be used to
measure the "goodness" of phase conjugators.

A beam with a

known statistical variation can be conjugated.

This

conjugated beam can once again be sent through the
quadrature interferometer.

The resultant output should be

the conjugate of the original phase difference.

73

Variations
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from this can be a criteria for determining the goodness of
phase conjugators.
Although this quadrature interferometer is quite large
and expensive, it can be made substantially smaller by
constructing it in integrated optics.

Using this approach,

the entire system could possibly be constructed in a
package less than 3½ inches square.

CONCLUSION
A quadrature interferometer has been designed,
analyzed, and calibrated which can be used to quantify the
phase difference between two points of a propagating laser
beam.

This technique can be applied to characterizing any

phase distorting medium.
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APPENDIX
INTENSITY DERIVATION FOR NON-IDEAL COMPONENTS
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APPENDIX

Intensity Derivation For Non-Ideal Components
The following is a derivation of the actual
intensities on detectors D1-D4 after taking into account
non-ideal components. These equations start with the basic
beams that split from the first beam splitter and carry
through to a description of the resultant detector
intensities.
Starting just after the first beam splitter, BSl, the
equations are:

Ep

= (0.7)Acos(rot+$)i + (0.5)Acos(rot+$)j

(A-56)

EG

= (0.3)Bcos(rot+0)i + (0.5)Bcos(rot+0)j

(A-57)

Ee=

(0.3) (0.9) (0.7)Acos(rot+$)i -

(0.9) (0.5) 2Asinrot+$)j
(A-58)

(A-59)

E8

= (0.9) (0.3) (0.7)Bcos(rot+0)i + (0.9) (0.5) 2 Bcos(rot+0)j
(A-60)
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EE= (0.3) 2Bcos(rot+0)i + (0.5) 2Bcos(rot+0)j

(A-61)

EH= (Eo + EE) * (Beam splitter attenuation coefficients)

= (0.7) 2 (0.9) 2 (0.3)Acos(rot+$)i -

(0.5)3(0.9) 2Asin(rot+$)j

+(0.3) 2 (0.7)Bcos(rot+0)i + (0.5)3Bcos(rot+0)j

= [(0.7) 2 (0.9)2(0.3)Acos(rot+$) + (0.3) 2 (0.7)Bcos(rot+0)Ji
+[ (0.5)3Bcos(rot+0) -

(0.5)3(0.9) 2Asin(rot+$)Jj
(A-62)

EJ = (Ee+ EB) * (Beam splitter attenuation coefficients)

= (0.3)2(0.9) (0.7)Acos(rot+$)i - (0.9) (0.5)3Asin(rot+$)j
+ (0. 9) (0. 3) (0. 7) 2Bcos (rot+0) i + (0. 9) (0. 5) 3Bcos (rot+0) j

= [ (0. 9) (0. 3) (0. 7) 2Bcos (rot+0) +
( 0 . 3) 2 ( 0 . 9) ( 0 . 7) Aco s (rot+$) J i
+ [ ( 0. 9) ( 0. 5) 3Bcos (rot +0)

-

( 0.

9) ( 0 . 5) 3As in (rot+$) J j
(A-63)

Eoi = [ (0.9)2(0.5)3Bcos(rot+0)-(0.9) 2 (0.5)3Asin(rot+$) Jj

= [0.101Bcos(rot+0)-0.101Asin(rot+$)Jj

(A-64)
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Eo2 = [ (0. 9) (0. 3) (0. 7) 2Bcos (cot+0) +

(o. 3) 2 ( o. 9) ( o. 7) Aco s

(cot +<I>) ] i

= [ (0.132)Bcos(cot+0)+(0.057)Acos(cot+<j>)]i

(A-65)

= [ (0.113)Bcos(cot+0) -

(A-66)

(0.09l)Asin(cot+<j>) ]j

E0 4 = [(0.7) 2 (0.9) 2 (0.3)Acos(cot+<j>) + (0.3)2(0.7)Bcos(cot+0)]i
=[(0.119)Acos(cot+<j>) + 0.063Bcos(cot+0)]i

(A-67)

Once again the intensity on each detector is obtained by
squaring the electric field.
Ior = (Eo1) 2

(A-68)

From equation 40:
Io1 =

( 0 . 101 B) 2 + ( - 0 . 10 lA) 2
+(-0.lOlA) (0.lOlB)sin(<j>-0)
2
(A-69)

(A-7 0)
The same chain of logic can be used to calculate the
intensity on detector D2:
(A-71)
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From equation 41:
In2 = (0 .132B) 2 +2 (0. 0567A) 2 + (0. 057A) (0 .132B) cos (q>-8)
(A-72)
(A-73)
The same chain of logic can be used to calculate the
intensity on D3:
In3 = (En3) 2

(A-74)

From equation 42:
In3 = (0.1125B)2; (-0.091A)2 -(-.091A) (0.1125B)sin(q>-8)
(A-75)
(A-7 6)

The same chain of logic can be used to calculate the
intensity on D4:
(A-7 7)
From equation 43:
063 B)
In4 = (O.

2

+ (O. ll 9A)

2

2

+ (0 .119A) (0. 063B) cos (<j>-8)
(A-78)
(A-79)
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